Abstract NUT midline carcinoma (NMC) is an aggressive subset of squamous cell carcinoma, genetically defined by rearrangement of the NUT gene. The rearrangements most often take the form of BRD4-NUT fusions, and in a minority of cases, BRD3-NUT or NUT-variant fusions. The simple karyotypes of NMCs, in contrast to the complex ones of typical squamous cell carcinoma, suggest an alternate, genetic shortcut to squamous cancer. Although originally thought to be a disease of the mediastinum, NMC frequently (35 %) arises in the head and neck. Diagnosis is made simply by demonstration of nuclear immunoreactivity to NUT protein, and ancillary studies to characterize the fusion oncogene, though not required for diagnosis, are recommended. The prognosis is dismal, with a 6.7 month median survival, and treatment with conventional chemotherapeutic regimens is ineffective. The oncogenic mechanism of the dual bromodomains and the p300-binding portion of BRD4-NUT is to sequester p300 to localized regions of chromatin, leading to global transcriptional repression and blockade of differentiation. Two therapies which target this mechanism have emerged, including bromodomain inhibitors (BETi) and histone deacetylase inhibitors (HDACi), both of which induce differentiation and growth arrest of NMC cells, both in vitro and in vivo. BETi is available to adults with NMC through a phase I clinical trial, and clinical response to HDACi has been demonstrated in pediatric patients. The emergence of these promising targeted therapies gives hope that NMC may one day be effectively treated and provides a strong rationale for diagnostic testing for NMC.
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NUT midline carcinoma (NMC) is a recently described form of poorly-differentiated squamous cell carcinoma defined by chromosomal rearrangement of the NUT gene on chromosome 15 [1] . Although this cancer affects the head and neck in one-third of cases, it is not restricted to any specific organ system, and can affect a variety of midline regions, most often the mediastinum [2] . Thus, like a growing number of carcinomas, it is a genetically-defined cancer and can only be diagnosed by means of demonstrating rearrangement of the NUT gene. Fortunately, demonstration of NUT rearrangement and the diagnosis of NMC has been made much easier by the commercial availability of a NUT specific antibody [3] , discussed below.
Genetics
A unique feature of NMCs which distinguishes it from garden-variety squamous cell carcinomas of the head and neck or thorax is that it is characterized by very simple karyotypes. Typical squamous cell carcinomas have complex and multiple cytogenetic rearrangements, whereas NMCs usually possess a single translocation involving the NUT gene (Fig. 1a) . In the majority of cases (2/3rd), NUT is fused to BRD4 in a t(15;19)(q14, p13.1) translocation (BRD4-NUT [4] . In the remaining cases, it is either fused to BRD3 [t(9;15)(q34.2;q14), BRD3-NUT], or it is fused to an as yet uncharacterized gene(s) (NUT-variant) (Fig. 1b) [5] .
Thus, from a cytogenetic perspective, NMC more closely resembles leukemia/lymphoma, which is also often characterized by simple karyotypes and a single diagnostic translocation, than it does a squamous cell carcinoma. The findings raise the possibility that the pathogenetic mechanism of NMC differs significantly from that of typical squamous cell carcinoma. BRD-NUT may represent a short-cut to squamous cancer, bypassing the complex and poorly-understood process of years of environmentallyacquired accumulated mutations and genetic instability that are required to develop an invasive, metastatic phenotype. Nevertheless, understanding the pathogenesis of NMC may reveal a mechanism fundamental to the formation of not only NMC, but more common squamous cancers.
Diagnosis
The biggest challenge to the diagnosis of NMC is not the diagnosis itself, which is trivial, but knowing when to test for it. The presumed rarity of NMC, coupled with its recent description, lack of effective therapy, the frequent misconception that NMC only effects young people [2] , and lack of pathognomonic morphologic characteristics, have resulted in a widespread lack of awareness of this disease, as well as a ''why does it matter?'' attitude. The consequence is that NMC is vastly underdiagnosed, as evidenced by its geographic distribution (Table 1) [2] , which reveals a gradient of cases, most densely weighted in the U.S., whose epicenter is where this author practices! Recent developments in the targeted therapy of this disease make a strong case for why it does matter to make the diagnosis of NMC.
Morphologically, NMC is a poorly-differentiated squamous cell carcinoma and cannot reliably be distinguished from non-NMC squamous cancers. Nevertheless, there are a few unique features which should prompt consideration of NMC. The cells, which vary in size from small to medium, but not large, are conspicuously monotonous in appearance, and often have areas of focal ''abrupt'' Squamous cell carcinoma NUT midline carcinoma A B acidic domain 2, ET extraterminal, NES nuclear export signal, NLS nuclear localization signal. a and b were taken from Annual Reviews of Pathology [7] squamous differentiation (Fig. 2a) . This means that the tumors appear mostly undifferentiated, and usually lack an intermediate squamous differentiation component. The monotonous nuclei are typically round to slightly ovoid, and the cytoplasm is often clear, likely due to the presence of glycogen [6] . The lack of a pathognomonic appearance has led to the frequent misdiagnosis of this entity as garden variety squamous cell carcinoma [7] , Ewing sarcoma [7] , leukemia [7] , sinonasal undifferentiated carcinoma [8, 9] , and pancreatoblastoma [10] , amongst other varied diagnoses.
The diagnosis of NMC is made by immunohistochemical demonstration of nuclear reactivity for NUT using a monoclonal antibody available from Cell Signaling Technologies (Danvers, MA) [3] . Characteristically, the majority of nuclei stain and in a speckled pattern (Fig. 2b) .
Confirmatory fluorescence in situ hybridization (FISH), PCR, or cytogenetic analysis is no longer required for this diagnosis as the specificity of the NUT antibody is 100 % [3] . The sensitivity is excellent, at 87 % [3] . The only tumors which can also display nuclear NUT reactivity are germ cell tumors; however, the staining is very focal (\5 %), faint, and lacks the speckled pattern. Although not required for the diagnosis, further evaluation to characterize the fusion gene as either BRD4-NUT, BRD3-NUT, or NUT-variant, is recommended as this may impact treatment in the near future (see below). This can be accomplished by conventional cytogenetic analysis, FISH, or reverse-transcriptase-PCR (RT-PCR) (Figs. 1a, 2c, d ). Cytogenetic analysis and RT-PCR require fresh or frozen tissue, whereas FISH can be performed on virtually any tissue preparation, including paraffin-embedded, formalin-fixed sections.
Clinico-pathologic Characteristics
NMC is well-known to oncologists who've treated it for its devastating clinical course. With a median survival of 6.7 months, NMC represents the most lethal subset of squamous cell carcinoma [2] . It affects people of all ages (range 0-78 years.), though a skew towards younger individuals may represent selection bias. NMC is named for its tendency to involve midline structures, but it doesn't always do so. It affects primarily the thorax (57 %, most often the mediastinum), and head and neck (35 %), but has involved the adrenal gland (unpublished observations), major salivary glands [11, 12] , pancreas [10] , bladder [1] , and lung [13] .
Recent findings, based on a retrospective study of 54 patients, indicate that complete resection and radiation are independent predictors of improved progression-free (PFS) and overall survival (OS) [2] . Thus, local control of the primary mass, either by surgical resection and/or radiation, is recommended whenever possible. Unfortunately, in this same study, it was found that translocation type (BRD3-NUT, BRD4-NUT, NUT-variant) was not associated with a significant difference in PFS or OS, though it was intriguing that five of the seven longest living patients were either BRD3-NUT (n = 1) or NUT-variant (n = 4) patients. One of the more interesting findings in this largest ever NMC series was the significant association of BRD4-NUT translocation type with primary location in the head and neck (p = 0.04). The biological significance of this is unknown, but may be of relevance to the embryological development and cell of origin of this tumor. Probably the most important finding in this study was that no particular chemotherapeutic regimen (including platinum, alkylating agents, or anthracyclinebased regimens) was superior. All but a few tumors were eventually unresponsive to chemotherapies of all types. Thus, it is recommended that novel treatments be explored in Head and Neck Pathol (2013) 7:11-16 13 the treatment of this disease, as discussed below. In response to the rarity of NMC, and to learn how to better treat it, we have formed the International NUT Midline Carcinoma Registry to collect and prospectively track the outcomes of NMC patients. The Registry is a central repository for clinical outcomes and discarded patient tissue (www.NMCR egistry.org), and has become an important resource for patients, families, and caregivers.
Science BRD4-NUT causes malignancy by blocking the differentiation of NMC cells and maintaining their proliferation, as evidenced by the rapid squamous differentiation that occurs following siRNA knockdown of the BRD4-NUT oncoprotein (Fig. 3a) . How it does this remains poorlyunderstood. BRD4, a member of the dual bromodomain family of proteins (BET), binds acetylated chromatin with these bromodomains which thus tether BRD4-NUT to chromatin [5] . We know that this is essential to the oncogenic function of BRD4-NUT because chemical interference with this interaction, using acetyl-histone mimics (BETi), ''unblocks'' differentiation in NMC cells [14] . This has led to a novel targeted therapeutic approach to treating NMC, using pharmaceutical BETi. The adult phase I clinical trial for use of this class of drug in NMC patients by Glaxo-Smith Kline has been initiated and will be enrolling patients soon (http://www.clinicaltrials.gov/ct2/ show/NCT01587703?term=NMC&rank=1). The availability of this new targeted therapy for NMC is another important reason why it is important to diagnose this disease. The NUT portion of BRD4-NUT binds to and activates a histone acetyl-transferase, p300, which is hypothesized to acetylate regional chromatin, recruiting more local BRD4-NUT, and more local p300, leading to more local acetylation, in a self-perpetuating process that leads to the BRD4-NUT foci that can be seen by immunohistochemistry (Fig. 2b) [15] . The paradox is that these large aggregates of hyperacetylated chromatin, BRD4-NUT, and p300, rather than leading to increased transcription, actually act as p300 sinks that globally decrease acetylation and transcription [16] . Thus, genes required for differentiation are not expressed. This feed-forward mechanism can be reversed by treating cells with histone deacetylase inhibitors (HDACi), which artificially increase acetylation throughout the cell. HDACi treatment leads to globally increased transcription, differentiation, and arrested proliferation in NMC, both in vitro, and in animal models [16] . The findings have led to the recent treatment of pediatric patients with NMC using HDACi-containing regimens. Anecdotal results have been promising [16] (Fig. 3b) . The potentially more effective treatment of NMC using HDACi provides yet another reason to diagnose this disease.
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A B C D Fig. 2 Diagnosis of NUT midline carcinoma (NMC). a H&E photomicrographs (4009) of three different NMCs reveal monotony and occasional abrupt squamous differentiation. Adapted from Annual Reviews of Pathology [7] . b Immunohistochemistry using a NUTspecific antibody (Cell Signaling Technologies) reveals speckled nuclear staining. 
